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The medical community has long practiced the art of nondestructive 
evaluation in its various diagnostic imaging branches. Only within 
about the last decade, however, has there been an attempt to provide 
quantitative information to the clinical radiologist. The most important 
example of a system providing such information is the computed x-ray 
tomography (CT) scanner. The resulting digitally created images portray 
maps of an approximation to the electron density at discrete sampling 
points within the subject. Density resolution of the order of 0.1% and 
spatial resolution reaching 0.5 mm have become readily available. 
The spectacular success of CT provided a backdrop for the recent 
commercial development of Magnetic Resonance Imaging (MRI), a new 
modality in the diagnostician's armament. However, the study of MRI 
begins back in 1946 when two groups, headed by Purcell at Harvard and 
Bloch at Stanford independently and nearly simultaneously reported the 
discovery of Nuclear Magnetic Resonance (NRM) 1 ,2. A great deal of 
research then ensued, with constant and rapid development of NMR as a 
tool for chemistry and physics investigations. The advent 6f high speed 
minicomputers and the FFT algorithm in the 1960's paved the way for the 
development by Ernst 3 and others of Fourier Transform (FT) spectroscopy. 
This FT mode of NMR has become the dominant operational technique, and 
quite a number of such systems are now commercially available. 
In 1971, Damadian published a short paper which described measure-
ments of elevated NMR T1 relaxation times in cancerous mouse tissues. 4 
This work demonstrated the possibility that NMR could be useful as a 
quantitative indicator of pathology in living biological systems. 
The next element in the development of MRI was the application of 
linear magnetic field gradients for spatial localization. This concept 
was first demonstrated, again independently, by two groups (Lauterbur at 
Stoneybrook,5 and Mansfield at Nottingham6) in 1973. Research on MRI 
progressed at a moderate pace in academic institutions until about 1980, 
when the medical equipment manufacturers began investing heavily in its 
commercial development. By now (1984) about a dozen companies are 
offering MRI scanners for the medical market. 
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Thus MR imaging has had a long history but only rather recently has 
it enjoyed an explosive growth. The rest of this paper will briefly 
describe volume imaging methods, imaging techniques for relaxation time 
measurements, techniques for resolving chemical shift information, and 
system performance considerations. Finally, a short discussion of the 
possible application of MRI to non-biological system evaluation is given. 
For the following discussion it will be assumed that the reader is 
familiar with NMR principles. 
SPATIAL LOCALIZATION 
Consider a homonuc1ear sample in which the nuclear spin density 
varies in only one direction. Suppose for example, that the specimen 
consists of just 3 discrete regions of the same nuclear species but 
differing density as shown in Fig. lea). When such a specimen is placed 
in the uniform magnetic field Bo of a conventional spectrometer, the 
resulting spectrum will show just a single line at Wo = yBo' where y is 
the gyromagnetic ratio. The area under the spectrum will be proportional 
to the total volume of the specimen. If, however, the field has a linear 
gradient of the form B(x) = Bo + Gxx, then each of the three regions will 
experience a different polarizing field intensity and will accordingly 
resonate at a different frequency. The spectrum in this case will contain 
three lines as shown in Fig. l(b). The area under the i-th line will be 
a measure of Pi' while the frequency offset from Wo depends on the 
distance that Pi is from the origin. Thus the linear "readout" field 
gradient spreads out the spatial distribution of spin densities along 
the frequency axis. This connection of space with frequency through 
gradients provides the basis for nearly all MR imaging techniques in use 
today. 7 Notice that a simple FFT operation is all that is required to 
reconstruct the density distribution from the free induction decay (FID) 
or spin echo signal. 
In the more general gas of a 3-dimensiona1 distribution p(x,y,z), 
gradients in all 3 directions are required. The field may be taken to be 
... ... 
B(x,y,z) = B + G • r, 
o (1) 
... ... 
where G = (G , G , G ) is the gradient vector, and r denotes position. 
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(s) 
p, 
(b) 1\ 1\ 1\ 
Fig. 1. Demonstration of the localization of spin density distributions. 
a) Discrete point distributions, Pi' have different resonant 
frequencies when the polarizing field Bo is position-dependent. 
b) With a linear gradient in Bo ' position x and NMR frequency w 
are linearly related. 
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If the y and z gradients are applied for a time tg and then turned off 
before a readout gradient Gx is applied (see Fig. 2), the spin echo 
signal envelope has the approximate form8 
-(t +t)/T2 iy(G y+G z)t +iyG xt 3 + 
S(t,G ,G ) = J p(~)e g e y z g x d r, (2) y z 
where T2 is the spin-spin (transverse) relaxation time. The signal 
3 
which evolves in time t during the constant Gx gradient is also a function 
of th~ amplitudes of Gy+and Gz . We may therefore consider S to be a 
funct~on of the vector k, where kx = (yGx)t, ky = (ytg)Gy , kz = (ytg)Gz , 
with the terms in parenthesis constant during a scan. Then (2) may be 
cast in the form 
(3) 
It may be seen that (3) has the form of a Fourier transform of the object 
spatial distribution. Usually in medical imaging the readout gradient Gx 
can be made large enough that kx «yGxT2 (i.e., the signal evolves in a 
time short compared to T2); also tg can be made short relative to T2. 
Then 
++ 
+ i k·r 3 + 
S(k) = J p(r) e d r (4) 
+ Thus the measurement S(k) forms one component of the Fourier transform 
of the spin density. If a suitably dense sampling of k space is made by 
repetitive experiments in which Gy and Gz are varied each in turn while 
recording the time variation of the signal, a c~mplete 3D discrete FT of 
the object is thereby ob~ained. The density p(r) is then found by a 
simple inverse DFT on S(k) in accordance with (4). 
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Fig. 2. Spin warp imaging pulse sequence. A spin echo signal is derived 
in the presence of an x-directed readout gradient for given 
amplitudes of Gy and Gz phase-encoding gradients. The sequence 
is repeated Ny • Nz times with Gy and Gz amplitudes varied 
systematically. 
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The pulse sequence described above and shown in Fig. 2 is known as 
"spin warp" FT imaging9 and is perhaps the most popular of the numerous 
techniques that have evolved. While the concept has been considered in 
its 3D form, there are means for localizing the sensitive region to a 
thin plane (2D), a line (lD) or even a point. 10 It is beyond the scope 
of this paper to review all of the demonstrated variations in methodology. 
We turn instead to a discussion of MRI contrast techniques. 
CONTRAST METHODS 
The NMR parameters of greatest interest in medical imaging are the 
spin density p, relaxation times Tl and T2, and chemical shift, o. In 
this section we shall consider measurement of the first three. 
In the formulation of Eq. (4), it was assumed that all times were 
short compared to T2' and tacitly assumed, moreover, that the sequence 
repetition rate was slow compared to Tl , the spin-lattice relaxation time. 
When such is not the case, the measured spin density is found to be 
weighted by factors re~ulting from relaxation effects. In fact, an 
effective density p'(r) is measured which may be approximately related to 
p., Tl , and T2 by11 
(5) 
where Tr is the cycle time for repetition of the pulse sequence (to cover 
k space), and TE is the time between the TI/2 RF pulse and the echo. It 
is assumed in (5) that only first order relaxation processes are involved. 
In general, both Tr and TE are operator-selectable parameters. Thus 
by their appropriate manipulation, a wide variation in image contrast 
p'(r) can be obtained. For example if TE is made very long, then only 
regions of the specimen having correspondingly long T2 ' s will contribute 
signal, as shown in Fig. 3. Similarly, if the repetition time Tr is made 
short, then only tissue components with short Tl's will recover during Tr 
and produce a signal (see Fig. 4). 
As is apparent from these images and from a study of the literature,12 
there are significant variations in relaxation times for different tissue 
types and for pathologies. By judicious choice of several sets of scan 
parameters, images with differing contrasts can be obtained with which 
regression techniques may be used to calculate distributions of Tl(r), 
T2(r) and (r). Examples of calculated Tl' T2 and density images are 
shown in Fig. 5. These images have the advantage that they do not depend 
upon the scan technique (Tr , TE) and are therefore more fundamental 
indicators of constitutive tissue characteristics. Their usefulness in 
medical diagnosis is not yet clear, however. 
Many other pulse techniques have evolved for altering image contrast, 
and their genesis has often been the classical NMR methodology. For 
example, well known inversion recovery methods use a TI pulse to invert the 
spin population before the imaging sequence for additional Tl weighting,13 
while saturation recovery sequences employ a TI/2 pre-conditioning pulse 
for preferential encoding of flowing nuclei. 14 Still other sequences 
can be used to image velocity or acceleration of moving distributions. IS 
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Fig. 3. Multiplue-echo images of Fig. 4. 
head cross-section 
obtained in one scan 
obtained with various echo 
times, TE, in milliseconds . 
For long TE, brain tissue 
in ventricles (with long 
TZ) shows brightest . 
5 
Multiple-recovery time 
images of head cross-
section. Recovery time TI 
between application of 
saturating pulse and imaging 
sequence is shown in msec. 
Data were obtained during 
same scan which produced 
Fig . 3. 
Fig. 5. Calculated images from data in Figs. 3 and 4. Note that 
neurological spin density is relatively uniform, while 
relaxation times are markedly different for gray matter and 
white matter. 
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SPECTROSCOPIC IMAGING 
The other parameter of interest in MR imaging is chemical shift, o. 
Several scan sequences have been developed to create images which 
discriminate the components of the multiple-line spectrum. 16 •17 ,18 
Figure 6 shows one such technique18 wherein the phase shift imparted to 
the spin echo by the chemical shift offset depends on the timing offset 
T of the n pulse. If images at N different chemical shift parameters are 
desired, it is necessary that N sets of data be obtained with different 
positions of the pulse. Figure 7 shows an example of images of the water 
and lipid components of the hydrogen spectrum in feet. It is hoped that 
the additional information provided by resolving the two components will 
improve specificity in diagnosis of pathology. 
Let us now examine system characteristics which determine imaging 
performance. 
SYSTEM PERFORMANCE 
While any real system has many engineering tradeoffs which contribute 
to the performance of an MRI system, there are fundamental limits to the 
resolution and noise which can be discussed generically.19 
The limiting spatial resolution in MRI is set by the linewidth for 
T2 relaxation and the gradient strength. From eq. (3) it can be shown 
that the resolution for FT imaging in the readout direction is reduced 
by convolution with a (complex) Lorentzian point response function of 
~e form 
p(x) (6) 
Fig. 6. Chemical shift-specific imaging sequence. Temporal offset of 
the n pulse from the center of TE determines the spin phase 
contribution imparted by chemical shift. 
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Fig. 7. Cross sectional images of lipid and water components of protons 
in two feet obtained in one scan using technique in Fig. 6. 
The limiting full width, half maximum (FWHM) resolution is therefore 
(7) 
where Dx is the field of view (width) of the image, and B is the receiver 
bandwidth. With typical parameters appropriate to neuro scanning 
(Dx = 250 mm, B = 16 KHz, T2 = 100 msec) , ~XT2 = 0.16 mm. This resolution 
limit can be reduced by increasing the bandwidth, but there is a concom-
itant increase in noise. 
Often the limiting resolution ~XT2 is not achieved in practice 
because sampling limitations may cause the pixels to be much larger than 
~XT2' The sampling-limited resolution 6X must of course be larger than 
a pixel width, which is Dx/Nx ~ 1 mm for Nx = 256 pixels. The pixe1-
limited resolution can be improved by reduction of the field of view or 
by increasing the number of samples. In either case the noise/pixel 
increases; in the latter the scan time does as well. 
The signa1-to-noise ratio depends on the geometry and bandwidth 
factors mentioned above, and it also depends on the field strength Bo 
(or frequency w). The signal S is proportional to w2 , the number of 
spins in a picture volume element, (voxe1) and contrast factors related 
to re~overy time and echo time (eq. 5). The limiting case is Tr ~ m, 
TE ~ O. Then 
2 Dx ~ Dz N 
S ex: w N N N av 
x y z 
where V is the volume of a voxe1, and N is the number of averages 
av 
(8) 
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(repetitions of the same sequence). The image noise has contributions 
from thermal noise in the specimen as well as in the RF coil and receiver 
preamp. With careful design the electronic noise component can be made 
negligible. and the image noise then is 20 
N ex fw2 + aw ~ /B'N" , 
av 
(9) 
where a is the factor which describes the effective coil noise temperature 
versus the specimen noise temperature. With high efficiency coils, and 
especially at higher frequencies, the specimen noise dominates the coil 
noise (aw~ «w2). Then the limiting SiN is 
lim SiN ex w ~V ~ 
av 
T + co 
r 
T + 0 
e 
(10) 
One notes that the SiN apparently increases without bound as the frequency 
is raised. However, in practice the relaxation times of soft tissue tend 
to increase as w increases and therefore the contrast/noise ratio tends 
to level off. 20 Other considerations having to do with the skin-depth 
of RF penetration also tend to limit the useful frequency range. 21 In 
medical whole body scanning, a good practical field may be about 1.S 
Tes1a (1. ST) • 
MRI IN NON DESTRUCTIVE EVALUATION (NDE) 
Virtually all of the commercial effort in development of MRI has to 
date centered on medical applications. Nevertheless, there may be useful 
applications for evaluation of non-living systems as well. Therefore, it 
is instructive to discuss the conditions necessary to perform an NMR 
experiment in general, and an imaging sequence in particular (such 
conditions were tacitly known to be satisfied in human scanning). 
First of all, the specimen must of course contain a nuclear species 
with net magnetic moment (see table of NMR properties in ref. 22). In 
some cases the NMR nuc1eii may be intrinsic to the sample already; in 
others it may be necessary to inject a suitable NMR tag. An example of 
the latter case might be steam diffusion in a semi-porous ceramic sample 
Observation of the diffusion dynamics and density distributions by MRI 
could be useful indicators of porosity and flaw densities. In other 
cases it might be possible to alter the temperature, pressure, or other 
extrinsic sample condition while observing the NMR properties. Yet 
another possibility is the injection of a "contrast agent" which 
preferentially modifies the relaxation times or chemical shift in a 
selected region. If flow distributions are to be measured, it might be 
possible to inject a suitable tag within the stream if the fluid is not 
already NMR-active. 
A second requirement is that the imaging volume must be contained 
within a uniform DC magnetic field, Bo' As we have seen, the SiN 
generally benefits from increased Bo' Thus the specimen and any 
mounting fixtures must be virtually devoid of any magnetic material. 
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The third necessary condition is that the specimen must be relatively 
transmissive to the RF magnetic fields that are generated by the coil. 
Thus the specimen must not be too lossy as estimated,21 for example, by 
equating the RF skin depth to a sample dimension. This condition 
effectively eliminates samples having any conductive material. By the 
same token, the pulsed gradient fields could induce low frequency eddy 
currents in the sample if its conductivity was too great. 
A tacit assumption underlying most MR imaging is that the specimen 
remain immobile during the data acquisition. This would of course 
preclude gross motion of the sample as a whole, but would also refer to 
evolutionary processes occurring in the sample during the scan. Since 
the total scan might take from seconds to hours to complete (depending 
on relaxation times, desired resolution, noise, and complexity of the 
sequence), sample changes during that time may not be insignificant. 
For example, gravity-driven density changes can be observed in liquid 
volumes as precipitates settle out. Images from scan data acquired 
during such evolution can have streaking or other artifacts. 
Finally, there are possible hazards associated with very high DC 
fields, RF fields, and pulsed gradient fields which are at present not 
a concern for humans (or are unknown). 23 Such hazards might post a 
threat to operators or to the samples in as yet undetermined ways. 
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